Myotonic dystrophy type 1 is a multisystemic autosomal dominant disorder caused by the expansion of (CTG) n triplets in the 3'UTR of the DMPK gene, on chromosome 19q13.3. In the last years, few DM1 patients with different patterns of CCG/CTC interruptions at the 3′ end of the DMPK expanded tract have been described. However, the role of these interruptions in DM1 pathogenesis is still unclear. To study the frequency, stability and the structure of DMPK variant expanded alleles in the Italian population, we have re-evaluated 254 Italian DM1 patients using triplet-primed PCR (TP-PCR), at both the 3′ and 5′ ends of the CTG expansion. In addition, three DM1 families were also investigated in order to analyze the intergenerational stability of the interrupted DMPK alleles. Fourteen DM1 patients showed a TP-PCR electrophoretic profile indicating CCG/CTC interruptions within the CTG expansion. Interestingly, interruptions have been detected and, for the first time, sequenced at the 5′ end of the CTG array. Analysis of five intergenerational transmissions revealed a substantial intrafamilial stability of the DM1 mutation among relatives. Our results support the hypothesis that CCG/CTC interruptions within the DMPK expanded alleles have a stabilizing effect on the mutational dynamics and can modulate the severity of symptoms in DM1 patients.
INTRODUCTION
Myotonic dystrophy type 1 (DM1, OMIM #160900) is the most common adult onset muscular dystrophy affecting mainly skeletal muscle, heart and the central nervous system. 1 The molecular defect at the basis of DM1 is the expansion of an unstable CTG trinucleotide repeat in the 3′ untranslated region of the DMPK gene on chromosome 19q13.3. 2, 3 DM1 is a progressive multisystemic disorder characterized by muscle weakness, myotonia, cataracts, cardiac conduction defects and endocrinological disturbances. Similarly to other triplet repeat expansion diseases, DM1 expanded alleles are genetically unstable and tend to expand in both the germline and soma, thus explaining the anticipation phenomenon and the progressive nature of clinical symptoms. Although the CTG repeat tract is usually uninterrupted in nonexpanded and expanded alleles, in the last few years, pathological variant expansions containing unstable CCG, CTC and GGC sequence interruptions have been reported in rare instances. [4] [5] [6] [7] Complex variant repeats were identified at both ends of the CTG array of DM1 patients of different origin, with an estimated prevalence of 3-5% of cases. [4] [5] [6] [7] [8] However, the phenotypical consequences of the interrupted alleles on DM1 patients is still controversial leading either to a complex neurological phenotype or to classical/mild DM1 forms. 4, 5, 7 In the present work, we describe the detailed molecular analysis of multiple patients carrying various patterns of interruptions either at the 3′ or 5′ end of the DMPK repeat identified in our cohort of 254 Italian DM1 patients, including three multi-generation families.
DM1 patients have been re-evaluated using bidirectional tripletrepeat primed PCR (TP-PCR) method, following by direct sequencing of the PCR product in atypical cases. The stability of interrupted alleles has been determined studying five intergenerational transmissions and the prevalence of variant expansions estimated in our Italian DM1 population was compared with data. Finally genotype-phenotype correlations have been carried out to determine the causal or modifying effects of the interrupted DMPK alleles on the phenotype of their carriers.
MATERIALS AND METHODS

DM1 patients
Two hundred fifty-four DNA samples belonging to clinically referred Italian DM1 patients with (CTG) repetition number determined by long range-PCR (LR-PCR) and Southern blot analysis of LR-PCR products, 9 have been retrospectively analyzed. Major clinical data available from patients with variant DMPK alleles are summarized in Table 1 . In three cases in which we identified variant repeats we recruited additional family members to study intergenerational transmissions.
Detection and molecular characterization of the DMPK interrupted alleles Genomic DNA was extracted from peripheral blood using a saltingout procedure. 10 (CTG) n repeat expansion sizes were determined by a combination of long range-PCR (LR-PCR) and Southern blot analysis of LR-PCR products. 9 CTG expansions within the DMPK gene were detected through bidirectional TP-PCR as previously described. 11 To investigate the presence of variant repeats, variants of the P4 primer have been used accordingly to published protocols. 4 The characterization of the interruption motifs has been obtained using different approaches, including direct sequencing of: TP-PCR products with primer P1 for 3′ or P2 for 5′ interruptions (patients A2, B1, D, E, F, G, H, I); gel-purified (Gel Extraction Kit, Qiagen, Germany) TP-PCR, using primers P4hex1 or P4-CC, cloned in pCR2.1 vector (TA Cloning, Invitrogen, Carlsbad, CA, USA) using M13 Reverse vector primer (patients A1, A3 and B2); gel-purified LR-PCR products cloned in pCR2.1 vector (TA Cloning, Invitrogen) (patients C1, C2, C3) using M13 Reverse vector primer. In these latter DM1 patients the entire DMPK expanded allele has been characterized. Primers sequences are reported in Supplementary Table S1 .
RESULTS
Detection of CCG and CTC interruptions using TP-PCR analysis at the 3′ and 5′ end of the CTG array and genotype-phenotype correlations In this study, we have retrospectively analyzed 254 DM1 patients previously characterized by classical LR-PCR analysis. 9 Bidirectional TP-PCR with primers P4-CTG at the 3′-end, and P4-CAG at the 5′-end complementary to the CTG repeats revealed an unexpected pattern of the electrophoretic profile in 14 DM1 samples (9 unrelated and 5 familial cases) with remarkable gaps in the normal contiguous peaks pattern detectable by capillary electrophoresis. Interestingly, these interruptions have been mapped at the 3′-end (n = 10), and also at the 5′-end (n = 4) of the CTG array (Table 1, Figure 1 ). Bidirectional TP-PCR with primers complementary to the variant repeat motifs reported so far in the literature (CCG, CTC and GGC repeats) indicated the presence of interruptions containing CCG and CTC sequences. A combination of cloning and direct sequencing of the TP-PCR products have been used to determine the structures of the complex variant alleles with CCG and CTC tandem motifs alternating to CTG classical repeats as reported in Table 1 . The correlation between the number of CTG repeats and the clinical picture suggests that variant repeat alleles could positively modulate DM1 symptoms and age at onset even in the same family. For example, patient B2 at the time of examination (28 years), did not show any clinical symptoms of DM1 or any EMG abnormalities and her mother (patient B1) developed the first DM1 symptoms at age 51. LR-PCR analysis across the repeat showed a 450-550 CTGcontaining expanded allele in the daughter (B2) and a 740-930 CTG repetition in the mother (B1), with TP-PCR profiles indicating interruptions in the 3′-end of the expansions (Table 1) . Additionally, the age at onset of patient F is much greater than would be expected for a 250 CTG repeat expanded allele 12 with a very mild clinical phenotype characterized only by electrical myotonia ( Table 1 ). The median age at onset of the disease in our cohort of DM1 patients with uninterrupted DMPK alleles classified according to their expansion classes 13 is the following: E1 (n = 66) (50-199 CTGs) 37.3 years, E2a (n = 67) (200-499 CTGs) 27.5 years, E2b (n = 60) (500-799 CTGs) 22.7 years, E2c (n = 24) (800-999 CTGs) 21.2 years, E3a (n = 28) (1.000-1499 CTGs) 17.3 years. If we compare these data with the age of onset of the disease in our patients with interrupted DMPK alleles we found that, in nine out of eleven patients, the DM1 age at onset is higher than expected on the basis of the expansion length. 
5′ interruptions of DMPK expanded alleles A Botta et al
The frequency of expanded interrupted alleles estimated in our Italian study cohort is 3.5% (9/254), in accordance with previous estimates. 4, 5 CCG-CTC repeats stabilize the intergenerational variability of the complex DMPK expanded alleles Given the stability of variant repeats in other triplet repeat disorders, [14] [15] [16] we decided to study the intergenerational dynamics of the complex DMPK alleles in three DM1 families comprising five intergenerational transmissions (4 maternal and 1 paternal) (Figure 2) . Interestingly, in all intergenerational events analyzed in this study, we observed a relative stability of the mutated alleles (family A and C) or a tendency to contraction even when the mutation was transmitted from an adult onset affected DM1 mother (from 740-930 to 450-550 CTGs in family B) (Figure 2 ). The only paternal transmission available, also lead to a reduction of the CTG repetition length (from 1000-1400 to 475-640 CTGs, family A) (Figure 2 ).
DISCUSSION
The majority of DM1 patients are thought to inherit a pure CTG repeat expansion. In the last few years however, pathological variant expansions containing unstable CCG, CTC and GGC sequence interruptions have been reported in rare cases. Complex variant repeats were identified at the both ends of the CTG array of DM1 patients of different origin, with an estimated prevalence of 3-5%. 4, 5, 7, 8 In this study we retrospectively revaluated by bi-directional TP-PCR a cohort of 254 Italian DM1 patients estimating a minimum frequency of interrupted expanded alleles of 3.5%, perfectly in line with previous observations. 4, 5 Direct sequencing of the entire or partial interrupted alleles, revealed the presence of complex arrays containing Figure 1 TP-PCR analysis of 5′ region of the CTG array in members of family C and in a DM1 patient with an uninterrupted DMPK allele as control (bottom panel, EXP). CTG sequence interruptions are visualized as absence of PCR products where the P4-CAG repeated primer cannot bind. Pedigree of family C is added to help to follow the intergenerational dynamics in the pattern of interruptions.
5′ interruptions of DMPK expanded alleles A Botta et al (CTC), (CCG) and/or (CCGCTG) repeats. We were able to identify and, for the first time, characterize four DM1 patients carrying a DMPK expanded allele with a non-pure CTG array at the 5′-end. This is a matter of particular relevance, considering that all the currently published works described DM1 variant repeats strongly clustered at the 3′-end of the array. 4, 5, 7 Our study reveal that there is not an absolute polarity in the generation and/or maintenance of non-CTG repeats within the DM1 locus. The identification of sequence interruptions at both ends of the CTG array has also practical consequences for DM1 molecular genetic testing. In case of DMPK interrupted alleles, the detection of the DM1 mutation represents a diagnostic challenge because of the extremely stable secondary structures formed by the repetitive GC-rich sequences within the interruptions, 17 which can interfere with LR-PCR amplifications and possibly lead to false negative results. 4, 6, 18 Our study further supports the need to perform TP-PCR both at the 5′ and 3′ end of the CTG to detect variant DMPK expanded alleles in putative DM1 patients who have only a single detectable normal allele and when conventional LR-PCR fails. 4, 6, 18 The intergenerational transmissions of the variant expanded alleles in our three DM1 families, support the general stabilizing effect reported previously, 4, 5 showing even a tendency towards contraction of the DMPK interrupted alleles through intergenerational transmissions. This phenomenon is a matter of particular relevance in DM1 genetic counseling. A highly plausible explanation for the stability of interrupted alleles could be the reduction of slipped strand DNA intermediates that are formed in the CTG repeated region, presumably by the biophysical destabilization of slipped strand structures with misaligned variant repeats. 19 Data reported so far suggest that the presence of interruptions in the CTG array does not considerably affect the nuclear accumulation of expanded RNAs since muscle tissues from 'atypical' (with interrupted alleles DMPK expanded alleles) DM1 patients showed ribonuclear foci and splicing alterations similar to those observed in muscle from 'classical' (with uninterrupted DMPK expanded alleles) DM1 patients. 7 It is therefore possible that variant repeats might mediate an altered pathology through other mechanisms, such as changing the methylation status of the region up and/or down of the repeat, modulating chromatin structure and the nucleosome assembly. 20, 21 A recent paper, reported indeed that the presence of CCG/CTC/ CGG interruptions at the 3′ end of the CTG array is associated with a highly polarized pattern of CpG methylation at the DM1 locus involving regions downstream of the CTG array. 22 Another important issue is the contribution of unusual DMPK alleles to the DM1 clinical picture. Genotype-phenotype correlations studies in variant DM1 patients have highlighted the difficulty to predict disease severity when an atypical interrupted allele is detected. The number of DM1 individuals with interruptions described is however limited and their phenotype range from a complex neurological involvement to the absence of muscular dystrophy associated with a late age of onset. 5, 21 Further genetic studies are necessary to understand the possibly modifying effects of these interruptions and to provide patients with improved prognostic information associated with variant DMPK expansions. Figure 2 Long range-PCR, using primers EX15-Fw and DMK1111-Rv, 9 and Southern blot analysis of members belonging to families A, B and C. Pedigrees with estimated sizes of CTG expansions in the analyzed family members are added to the top of the figure. Note that DM1 expansions containing sequence interruptions tend to remain stable or even contract through germline transmissions.
